Laminin-8 as a new marker of glial tumors
ABSTRACT
Laminins are the major constituents of blood vessel basement membranes (BMs). Each laminin is a trimer consisting of three assembled polypeptide chains, α, β and γ. More than 15 laminin isoforms are known to date and the expression of specific isoforms may change in certain pathological conditions. Here we show that during progression of glial tumors laminin-9 (α4β2γ1) is switched to laminin-8 (α4β1γ1), which is dramatically increased in glial brain tumors. Laminin-8 overproduction by glial tumor cells facilitates spread of glioma. Brain tumors with laminin-8 overexpression recur faster after standard treatment and patients have shorter survival time. Laminin-8 may be thus used as a predictor of tumor recurrence, patient survival and as a potential molecular target for glioma therapy.
INTRODUCTION
The majority of gioblastoma multiforme (GBM) tumors are highly invasive and rapidly develop recurrences at the primary site. Tumor prognoses and responses to therapy, however, can vary greatly even with the same histological diagnosis (1) . It is generally recognized that the improvement of prognosis, prediction of response to treatment, and development of novel effective therapeutic approaches for glial tumors may largely depend upon the introduction into clinical practice of novel specific markers involved in the development of different gliomas and their subsequent recurrences. Attempts have been made to establish and characterize a number of glioma markers, but such studies have not altered existing therapeutic approaches, treatment success rates or disease outcome prediction (1, 2) . Researchers then sought to identify novel glioma markers using powerful gene array technology (3-6).
LAMININ ISOFORM CHANGES DURING GLIOMA PROGRESSION
A number of genes and proteins have been identified with altered expression in glial tumors. Most recently, some of the markers have been tested for diagnostic and prognostic purposes. These markers include epidermal growth factor receptor (EGFR), tenascin-C, bcl-2 family of antiapoptotic proteins, survivin, Rho proteins, p53, and vascular endothelial growth factor (VEGF) and its receptors (7) (8) (9) (10) (11) (12) . Results of these tests have so far been controversial. Some reports suggest that specific proteins (Rho, VEGF, EGFR) could be used to discriminate between low-grade and high-grade gliomas. Increased expression of some proteins (EGFR, tenascin-C, survivin) correlated with shorter patient survival (13) (14) (15) . At the same time, some of these markers, e.g., VEGF, are upregulated in a variety of tumors and are not glioma- Figure 1 . Double immunofluorescent staining of brain tissues for laminin-8 (α4β1γ1) and laminin-9 (α4β2γ1) chains, and for von Willebrand factor (vWF) specific for endothelial cells. N, Normal brain, where microvessels are positive for vWF, and α4 and β1 laminin chains are barely visible. At the same time, β2 laminin chain is prominent in vessel walls positive for vWF. This pattern is compatible with small amounts of laminin-9. AS II, Astrocytoma grade II with stronger staining for laminin α4 chain in brain microvessels. Expression of laminin β1 chain is higher than in normal brain and β2 is still strong. This pattern is compatible with predominance of laminin-9.GBM, glioblastoma multiforme with very bright staining of α4 and β1 laminin chains but very weak β2 chain in brain vessels. This pattern is compatible with predominance of laminin-8. Reproduced with permission from Cancer 101, 604-612 (2004).
Laminin-8 as a new glioma biomarker
In an earlier study (4) we found two genes that were consistently upregulated in all high-grade and lowgrade gliomas and in tissues adjacent to GBMs, the most aggressive gliomas. One of these genes coding for EGFR was already known to be overexpressed in gliomas. The other one was coding for the α4 chain of laminin, which was not known to be overexpressed in any type of tumor. Laminin α4 chain is a constituent of three known laminins, laminin 8, laminin-9 and laminin-14 (18) . Laminins are the major components of basement membranes that lie beneath the endothelial surface layer of blood vessels. Each laminin consists of three chains, α, β, and γ (4,18).
We found that during progression of human gliomas, the expression of capillary basement membrane (BM) laminins containing α4 chain switched from the predominant laminin-9 (α4β2γ1) to laminin-8 (α4β1γ1) (4, Figure 1 ). Laminin-8 and laminin-9 have similar structure but different β chains. Laminin-8 and its receptors, integrins α 3 β 1 and α 6 β 1 , appear to be important to the functioning of endothelial cell BMs, which play a role in the maintenance of the blood-brain barrier (19, 20) . Recently, the association of laminin α4 chain with angiogenesis has been demonstrated in vivo and in vitro (21) . Some cultured glioma cell lines can also produce α4 and β1-containing laminins. Laminin-8 is thought to play a role in cell migration during development, wound healing, and angiogenesis (19, 22, 23) .
Development of in vitro system to block laminin-8
To examine the involvement of laminin-8 in glioma invasion, a reliable in vitro system was needed where it was possible to quantify invasion rates and to optimize the dosage of antisense laminin oligonucleotides. We used a cell culture system to meet these important needs. To better mimic the in vivo situation in glial tumors where the major cell types are glial (astrocytes) and endothelial cells (21), we needed to combine glioma cells with brain endothelium in a co-culture (24, Figure 2 ). In such a situation, endothelial cells can develop capillary-like structures, and this process is faster when endothelial cells are cultured with tumor astrocytes than with normal embryonic brain astrocytes (25) . We hypothesized that in glioma-endothelium co-cultures there would be more laminin-8 produced, and that this laminin might increase glioma invasion in a Matrigel assay. Research into these issues could facilitate GBM diagnosis and prognosis, and eventually increase survival of brain cancer patients. Laminin α4, β1, and β2 chain staining of co-cultures. Live co-cultures were exposed to Ac-LDL (green color, to reveal endothelial cells) and then fixed and simultaneously stained for select laminin chains (red color) and nuclei (DAPI, blue color). In endothelial-normal astrocyte co-cultures (HBMVEC+HAST040) α4 and β2 chains are expressed in Ac-LDL-positive endothelial cells only but not in Ac-LDL-negative astrocytes (arrows). β1 chain is largely absent. In endothelial-glioma co-cultures (HBMVEC+M059K), α4 chain is expressed by both cell types and β2 chain, only by endothelial cells. Importantly, β1 chain is now expressed not only by Ac-LDL-negative glioma cells (arrowheads) but also by Ac-LDL-positive endothelial cells. To probe the role of laminin-8 in glioma invasion, the use of antisense oligonucleotides to block its expression was attempted. The potential of antisense is widely recognized but it remained unfulfilled since, until recently, the available oligonucleotides suffered from poor specificity, instability, and undesirable non-antisense effects (26, 27 ). These problems have been largely solved by the new generation of antisense oligonucleotides that offer the promise of safe and effective therapeutics for various diseases including cancer (28, 29) . New-generation antisense oligonucleotides are being used in studies to find effective medications and treatments for many disorders, including viruses and cancers. Antisense technology is being refined not only for drug validation and diagnostic purposes but also for the development of future treatments for patients.
The most promising types of antisense oligonucleotides are Morpholino and peptide nucleic acid (PNA; they have nucleobases attached to a neutral "peptide-like" backbone) oligonucleotides (26, 28) . Our new study used short strands of chemically modified genetic material (Morpholino™ antisense oligonucleotides) to block the messenger RNA (mRNA). They work well in the presence or absence of serum, are totally resistant to nucleases, and remain intact in culture medium and in cells indefinitely. Morpholino oligonucleotides have a high affinity for RNA and efficiently invade even quite stable secondary structures in mRNAs. They have the highest sequence specificity of all antisense types over a very broad concentration range and appear to be free of non-antisense effects (28, 29) . They have high activity in a cell-free translation system and can block target protein production in cultured cells (26) . Morpholino are also effective in vivo (30) . Given these properties, Morpholino oligonucleotides have been chosen here to inhibit the expression of laminin-8 chains in culture. Special experiments (cell viability assay (32)) have shown that Morpholino antisense treatment did not affect the viability of any cell line used.
Matrigel invasion assay was developed for quantitative measurement of the invasiveness of tumor cells through a BM matrix. Most tested cells characterized as invasive and metastatic in vivo are able in vitro to invade Matrigel, which is a BM-like material from the mouse Engelbreth-Holm-Swarm tumor (33, 34) .
When co-cultures of human U-87MG or M059K glioma cells with normal human brain endothelial cells (HBMVEC) were treated by antisense, the inhibition of invasiveness on Matrigel was 62% for U-87MG+HBMVEC and 53% for M059K+HBMVEC compared to control cells treated with corresponding sense oligonucleotides. In our experiments, α4 and β1 laminin chain expression was inhibited more efficiently with a lower concentration of antisense oligonucleotides (0.25 + 0.25 mM) than with a higher concentration (0.5 + 0.5 mM), although no apparent toxicity was noticed at either concentration ( Figure 3 ).
The use of antisense technology in vivo may offer an effective future tumor treatment because of its efficiency, specificity and ease of delivery to tumor cells (28, 29) . This technology is being continuously developed and refined not only for the drug validation and diagnostic purposes but also for the development of future treatments.The present data emphasize the feasibility of antisense approach using laminin-8 as a target for treatment of brain gliomas. Reduction of tumor invasion by antisense to laminin-8 may slow the growth and spread of aggressive two GBMs cell lines, U-87MG and M059K (Figure 4 ). In combination with other treatment methods or with blocking of other targets as well (EGFR or matrix metalloproteinases, MMPs) it may prolong disease-free periods and increase survival of glioma patients. Future developments of laminin-8 blocking for therapeutic purposes may also include the use of specific monoclonal antibodies and/or small interfering RNA (siRNA) that is an emerging promising approach for gene silencing.
It remains to be established how laminin-8 promotes glioma invasiveness. One possible mechanism may be stimulation of cell migration. Laminin-8 rather weakly supported cell adhesion and spreading compared to laminin-5 or laminin 10/11 (20, 37) . At the same time, laminin-8 stimulated cell migration better than several other laminin isoforms (20) . Increased expression of laminin-8 in both glioma cells and glioma-adjacent capillary endothelial cells (4, 20, this report) may reduce glial cell adhesion and enhance migration, which is necessary for local tumor invasiveness. A recent gene microarray analysis of 85 gliomas identified the top 44 genes that distinguish the major gene clusters of gliomas. Gene expression of laminin β1 chain (part of laminin-8) was one of them out of ten thousand genes (38).
Laminin-8 is a predictor of glioma outcome. Clinical data
We have recently examined a significantly larger number of brain tumors (from 60 patients) including glial tumors of different grades in an attempt to correlate laminin-8 expression with recurrence development and patient survival (39) . Immunohistochemistry and Western blotting were used to detect laminin isoforms of interest.
For 23 GBM patients laminin-8 expression was compared with tumor recurrence and patient survival time. For one patient, who was twice operated, the death record was not found. Clinically, all 17 GBM patients with high laminin-8 levels developed tumor recurrences at a mean of 3.92 months after surgery, whereas six patients with high laminin-9 expression developed recurrences at a mean of 11.43 months after surgery. This difference was highly significant (p=0.0002, Figure 4) . The new data with expanded number of patients fully confirmed our previous study on 9 GBM patients (4). The mean survival time for 16 GBM patients whose tumors expressed laminin-8 was 11.2 months, whereas for eight GBM patients whose tumors expressed laminin-9 the mean survival time was 16.7 months (p<0.015, Figure 4 ).
Enhanced expression of laminin-8 in high-grade compared with low-grade gliomas suggests its involvement in tumor progression. Overexpression of laminin-8 in tumor-adjacent tissues may facilitate the spread of microinvasive glioma foci not removed by surgery or available therapy and lead to recurrence. This may explain why laminin-8 may be predictive of glioma recurrence. Given these patterns of laminin-8 (and to a lesser extent, laminin-9) expression, we hypothesize that laminin-8 plays a role in glioma progression and tumor recurrence, and that inhibiting its expression may inhibit glioma invasion and recurrence. In summary, the majority of high-grade gliomas had increased levels of laminin-8 (α4β1γ1) in blood vessel walls, whereas in low-grade tumors laminin-9 (α4β2γ1) predominated. GBMs that predominantly expressed laminin-8 had a shorter time to tumor recurrence and patient survival than GBMs that predominantly expressed laminin-9. Laminin-8 may play a role in the process of invasiveness in human gliomas as well as in their progression. It thus appears to be a promising target for new therapeutic approaches possibly with combination with other tumor markers or standard chemo-and radiation therapy.
A new glioma-endothelial co-culture model suitable for studying laminin-8 expression and its inhibition in vitro by antisense oligonucleotides was developed to examine the role of laminin-8 in cell migration and invasion. Morpholino antisense oligonucleotides proved to be efficient inhibitors of laminin-8 expression in cocultures. These antisense oligonucleotides also significantly inhibited invasion of two different glioma cell lines in vitro. The results suggest that laminin-8 may play an important role in glioma invasion. Morpholino oligonucleotides may provide an efficient method to block laminin-8 expression for future therapeutic purposes.
PERSPECTIVE
Laminins are the major constituents of blood vessel BMs. Gradual increase of laminin-8 expression with a switch from laminin-9 in low-grade glial tumors (grade I-II) to moderate in grade III and significantly high expression in 76% of GBMs (grade IV) may be associated with neovascularization and, thus, contribute to tumor aggressiveness. Overall, laminin-8 overexpressed in GBMs, together with factors promoting tumor growth (e.g., EGFR), might be an important prognostic factor for predicting GBM time to recurrence and patient survival time. As invasion-promoting factor it may be potentially used as a target for glioma therapy.
In combination with several new wellcharacterized proteins associated with glioma progression, such as tenascin-C, MMP-2 and MMP-9 (4, 38, 40-44), laminin-8 may be an important tool for potential diagnosis or treatment of gliomas. Previously, only laminin-5 was shown to play a role in melanoma invasion (45) . Our present data suggest that vascular laminin-8 also plays a significant role in glioma cell invasiveness. Since matrixdegrading proteinases are also important for glioma invasion (46) , future research should explore whether proteolysis of laminin is required for glioma invasion. Our recent data suggest that laminin-8, which may facilitate tumor invasion, contributes to tumor regrowth after therapy. Laminin-8 may be used as a predictor of tumor recurrence, patient survival and as a potential molecular target for glioma therapy. Pre-clinical study of laminin-8 inhibition is in progress to develop treatment regimens for glial tumor prevention.
Our recent study on breast cancer (47) also showed that the expression of laminin β2 chain (a constituent of laminin-9) was mostly seen in vascular BMs of normal breast and carcinomas in situ but not in invasive carcinomas or metastases. In contrast, laminin β1 chain (a constituent of laminin-8) appeared in vessel walls of carcinomas and their metastases. A similar change from laminin-11 (α5β2γ1) to laminin-10 (α5β1γ1) was observed in vascular BMs during breast tumor progression. Therefore, a switch from β2-containing to β1-containing laminins may not be confined to brain glioma but appears to be a more general phenomenon associated with tumor development and progression. In this respect, blocking the expression of laminin β1 chain (possibly, together with α4 and/or α5 chains) could have a potential importance for the development of future antiangiogenic therapies for cancer.
The original work described in this review was conducted under appropriate protocols approved by CedarsSinai Medical Center Institutional Review Board.
